We study the effect of stress modes from three mills on structure of gamma-alumina. Extent of size reduction and mechanochemical effects are analysed. Jet milling is effective in size reduction and does not initiate mechanochemistry. Shear-induced phase transformation is observed in planetary ball mill. Transformation is by slip on alternate close packed oxygen layers from ccp to hcp. a r t i c l e i n f o 
Introduction
Milling is a widely used industrial operation common for cases where size reduction of particles is required (Reid et al., 2008) . It can also be known as grinding and involves the size reduction of particles smaller than 10 mm. There is a vast range of mill types available commercially and the choice of mill is based on a variety of factors, such as properties of the material to be milled, e.g. failure mode, and the required product particle size (Angelo and Subramanian, 2008) . Fig. 1 shows an array of size reduction equipment available for different combinations of feed and product particle sizes (Neikov et al., 2009) .
Ball mills, vibratory mills, rod mills and jet mills can be used to achieve particles less than 1 mm in diameter (Rosenqvist, 2004) but for ultrafine dry milling, e.g. particles (d 90 ¼ o 10 mm), vibratory ball milling, planetary ball milling (Kano et al., 2001) and air jet milling (Midoux et al., 1999) are commonly used methods. In these mills particle size is reduced by impact, shear, attrition or compression or a combination of them (Balaz et al., 2013) . The stresses may affect product attributes in different and often 'unexpected' ways through mechanochemical activation, so an understanding of the mill function on the product characteristics is highly desirable for optimising product functionality. The material investigated in this paper, γ-Al 2 O 3 , is a versatile material used in many applications, including catalysis for the petroleum and automotive industries (Oberlander, 1984; Wefers, 1990) . It is widely used for catalytic applications due to its favourable properties which include a high surface area and porous morphology for good dispersion of metal catalysts as well as thermal and chemical stability for use in different catalytic reactions (Trueba and Trasatti, 2005; Rozita et al., 2013) . However, in order for the γ-Al 2 O 3 to be fit for use as a catalyst support, it has to be reduced in size by milling. γ-Al 2 O 3 is derived from the dehydration of to the sequence given in Eq. (1) (Liu and Zhang, 2005 
From Boehmite, γ-Al 2 O 3 can be produced at temperatures of between 450 1C and 750 1C. This is followed at higher calcination temperatures by a series of transformations to the δ and θ phases, whilst at temperatures between 1100 1C and 1200 1C α-Al 2 O 3 is formed as the final thermodynamically stable phase with a structure based on a hexagonally close-packed oxygen sub-lattice structure (Liu and Zhang, 2005) . For maximum catalytic effectiveness, it is essential to maintain the desired physical and chemical properties of γ-Al 2 O 3 in the milled product, e.g. high specific surface area and the absence of any phase changes (Trueba and Trasatti, 2005) . Mechanochemical activation can cause microstructural changes to materials (Sopicka-Lizer, 2010) . The planetary ball mill has been reported to induce mechanochemical phase transformations and reactions, the conditions of high stresses during milling are envisaged to play a major role in such phase transformations (Šepelák et al., 2007) . Zielin´ski et al. (1993) reported on the phase transformation from γ to α Al 2 O 3 by the use of this mill (Zielin´ski et al., 1993) . Kostic et al. (2000) also reported on the phase transformation from γ to α by the use of a vibrating disc mill (Kostic et al., 2000) . Additionally, evidence of phase transformation due to milling, similar to that achieved by thermal dehydration of boehmite, has been reported in various works (Duvel et al., 2011; Wang et al., 2005) . However Bodaghi et al. (2008) observed no phase change in γ-Al 2 O 3 after 30 h of milling in the Fritsch Pulverisette 7 planetary ball mill but reported the occurrence of phase change of γ-Al 2 O 3 to α-Al 2 O 3 only after the addition of α-Al 2 O 3 seeds into the mill (Bodaghi et al., 2008) . According to Bodaghi et al. (2008) the α-Al 2 O 3 seeds act by reducing the transition temperature and activation energy for α-Al 2 O 3 to nucleate (Bodaghi et al., 2008) . It is therefore still necessary to carry out an in depth investigation into the effect of size reduction mechanisms brought about by different stress modes such as shear, impact, and compression on the surface and morphology or structure of the material. This is an essential starting point to understanding the initiation of the mechanochemical phase transformation that occurs in γ-Al 2 O 3 during milling. The present work aims at exploring the size reduction of γ-Al 2 O 3 using three mill types; single ball mill, air jet mill and planetary ball mill. In a similar manner to previous studies (Zhou and Snyder, 1991; Knozinger and Fig. 1 . Size reduction equipment available for different combinations feed size and product particle size (Neikov et al., 2009) . Ratnasamy, 1978), X-ray diffraction (XRD) and Transmission Electron Microscopy (TEM) have been used to characterise the milled powders. The former is used to analyse the bulk crystal structure and crystallite size of the material, whilst the latter is used to observe any changes in morphology and crystallinity of γ-Al 2 O 3 .
Laser diffraction and Scanning Electron Microscopy (SEM) have also been used to analyse particle size reduction of the material whilst nitrogen gas adsorption has been used to analyse any changes in specific surface area. This work is underpinned by a need to understand the size reduction mechanisms and their correlation with the milling conditions in order to achieve a better and consistent control and optimisation of the milling process, hence improving process efficiency and cost effectiveness due to the elimination of the trial and error work needed to improve product functionality.
Materials and methods
The sample used for experiments is a commercially available γ-Al 2 O 3 powder: a 99.99% pure γ-Al 2 O 3 derived from synthetic boehmite.
Single ball milling (SBM) was carried out using a Retsch MM200 vibratory single ball mill. An 11 ml stainless steel milling jar with a 12 mm diameter spherical stainless steel ball is used for single ball milling for durations of up to 1200 min at a milling frequency of 30 Hz. In single ball milling (Fig. 2a) , short duration collisions dominate and the energy generated by the mill is determined by the chosen milling frequency. This can be shown by the contact force distribution reported by Kwan et al. (2005) where the impact forces are the most dominant (Kwan et al., 2005) . Size reduction is mainly by impact in the SBM although shear and attrition is also present during milling.
Jet milling (JM) was carried out using a Hosokawa Alpine 50AS spiral jet mill. The stress mode that effects size reduction in the air jet mill (Fig. 2b ) is mainly impact, by way of particle-particle and particle-wall collisions. The collision energy is created by the high speed flow of compressed air (Neikov et al., 2009) . Compressed air injection and grinding pressures of 6 bar and 4 bar have been used respectively and a maximum of 20 passes is used to achieve the desired size reduction.
Planetary ball milling (PBM) was carried out using a Fritsch Pulverisette 7 planetary ball mill. The planetary ball mill (Fig. 2c) , is a high energy mill (Angelo and Subramanian, 2008) , where shearing and compression are more prevalent than high velocity collisions. Two 45 ml zirconia (ZrO 2 ) milling jars have been used with zirconia grinding balls of 15 mm diameter and the ball to powder ratio used in the experiments was 10:1 by weight. A milling speed of 700 revolutions min À 1 has been used for all planetary ball mill experiments with milling times ranging from 5 min to 300 min.
Characterisation is carried out on the as-received (A-R) γ-Al 2 O 3 sample and after milling on the SBM, PBM and JM samples using laser diffraction, SEM, BET nitrogen gas adsorption, X-ray diffraction and TEM. Laser diffraction, using a Malvern Mastersizer 2000, has been carried out for particle size analysis, using water as carrier medium. The samples were dispersed using in-built ultrasound and measured at an average obscuration of 12%. SEM analysis is carried out using a Carl Zeiss EVO MA15 scanning electron microscope at 20 kV in backscattered imaging mode. Carbon tabs were coated with powder samples and placed on SEM metal stubs. Sample stubs were sputter-coated with a conductive layer of gold before analysis to prevent charging. SEM quantitative analysis was carried out using Gatan Digital Micrograph Particle Analysis Software (Gatan, 2014) . Average particle sizes were calculated from the derived size distributions of a minimum of 500 particles. The coefficient of variation was also derived by dividing the average particle size with the standard deviation of the size distributions.
As high surface area needs to be maintained for good catalyst support function, BET surface area measurements were carried out to analyse any changes in specific surface area in the different mills. This was done using BET nitrogen gas adsorption with the Micromeritics Tristar 3000. Samples were degassed at 400 1C for a total of 4 h prior to analysis. BET particle sizes were estimated from specific surface area (SSA) by use of d particle (nm) ¼6/(ρnSSA) where d particle is the particle size in nm, ρ is the density in gm À 3 and SSA in m 2 g À 1 is the specific surface area derived from BET (Rozita et al., 2013) . XRD using the Bruker D8 Advance with monochromatic CuKα radiation (λ ¼0.154 nm) and a 2θ range of 10-901, was employed for crystal phase analysis. Further XRD analysis was carried out by estimating the crystallite size using Scherrer's equation, d crystallite (nm) ¼(0.9λ)/(Bcosθ) (Cullity and Stock, 2001) where B is the full width half maximum (in radians) of the XRD peak at angle 2θ and λ is the X-ray wavelength. Xpert Highscore software (Panalytical, 2014) was used for all XRD analysis including the deriving of proportions of transitional aluminas in the samples. XRD average crystallite sizes were estimated by selecting 7 peaks corresponding to the dominant alumina phase (γ peaks for A-R, SBM and JM samples and α peaks for PBM sample) and using Scherrer's equation (Cullity and Stock, 2001) .
TEM using the FEI CM200 field emission transmission electron microscope, operated at 200 kV, was used to characterise the crystallite morphology of γ-Al 2 O 3 samples. Further quantitative analysis of primary particle size and shape was also carried out using Gatan Digital Micrograph. TEM average particle sizes were calculated quantitatively by sizing 30 particles from TEM images.
Results

3.
1. Particle size analysis using laser diffraction 3.1.1. γ-Al 2 O 3 particles before and after dry milling in the JM Samples of γ-Al 2 O 3 were fed through the JM for a total of 20 passes. Samples were collected for particle size analysis after 5, 10 and 15 passes. Fig. 3 shows the particle size distribution (PSD) and cumulative PSD of the particles. As shown in Table 1 , there was a significant size reduction between the as-received (A-R) samples and the sample after 20 passes also shown by the measured characteristic sizes of the particles where the A-R sample had a d 90 of 49.10 mm and the 20 pass sample had a d 90 of 2.89 mm. The cumulative PSD in Fig. 3b also showed an initially fast rate of size reduction between the A-R sample and the 5 pass sample which then reduced for subsequent passes; the 5 pass, 10 pass and 15 pass samples all showed a more continuous reduction in larger particles. Finally, the 20 pass sample showed a marked reduction in larger particles within the sample as the bimodal distribution in Fig. 3a showed only a small peak for particles larger than 6 mm.
Particles larger than 6 mm in the 20 pass sample highlight the importance of manipulating the feed rate of the sample into the mill as this can aid in reducing the number of non-milled particles after running a sample. Further milling was not carried out as the desired particle size was achieved (d 90 ¼ o 10 mm) after 20 passes through the JM.
3.1.2. γ-Al 2 O 3 particles before and after dry milling in the SBM Fig. 4 shows the PSD of samples milled using the SBM. The characteristic sizes at different mill times are shown in Table 2 . The results in Table 2 and Fig. 4 show particle size reduction with increased milling time; the decrease in large particles being evident by the movement of the tail of the PSD graphs to smaller sizes with increased milling time.
The cumulative PSD also shows a significant size reduction between 60 min and 600 min of milling but a less significant difference between 600 and 1200 min.
Interestingly the PSD after 60 min milling showed larger particles than in the A-R sample. This is presumably due to adhesion of fine particles with high surface energy on the surfaces of larger agglomerates. Further milling up to 600 and 1200 min ensures the breakage of these larger particles without any significant difference in the particle size reduction achieved.
3.1.3. γ-Al 2 O 3 particles before and after dry milling in the PBM Fig. 5 shows the PSD of samples of γ-Al 2 O 3 milled using the PBM at 700 rpm. The characteristic sizes at different mill times are shown in Table 3 . The results in Table 3 and Fig. 5 show an initial significant decrease in particle size between the A-R sample and the sample after 10 min of milling; further milling up to 300 min does not result in a significant decrease in particle size. A small increase in the volume of particles within the sample which is larger than the initial feed size is noted as milling time is increased. This is also observed in the 60 min single ball milled samples. Fig. 6 shows a comparison of (a) the PSD and (b) the cumulative PSD of γ-Al 2 O 3 particles as-received (A-R) and after milling in the PBM for 300 min, SBM for 1200 min and JM for 20 passes. The PSDs in Fig. 6a show that the greatest size reduction of particles was achieved with the JM, albeit this gave a bimodal distribution with a majority of fine particles accompanied by smaller distribution of larger particles. For the ball milled samples, the SBM samples had smaller particle sizes than the PBM samples. However the PBM samples showed the greatest amount of fines in all the milled samples, evident in the cumulative curves shown in Fig. 6b . The characteristic sizes can be shown in Table 4 . The particles from the JM samples show a steady decline in average particle sizes with further milling as observed in Fig. 3 and show no increase in particle size after a certain period of milling as that observed with the SBM and PBM in Figs. 4 and 5. The compressed air used for milling with the JM appears to aid in keeping the particles fairly dispersed as breakage occurs in the milling chamber. The short residence time in the milling chamber also reduces the possible number of contacts particles can have. This results in consistent particle size reduction. The PSD results for SBM samples (Fig. 4) and PBM samples (Fig. 5) show only a small reduction in size with increased milling time. This is between 600 and 1200 min for SBM (Fig. 4 ) and 15 and 300 min for PBM (Fig. 5) . This is due to particles reducing in size to a critical value where the equilibrium state of milling is achieved. In this state, whilst particles are reduced in size by the milling energy supplied, at this critical size, the fines produced and broken agglomerates begin to form larger agglomerates joined by weak van der Waals forces and eventually form aggregates joined by stronger chemical bonds (Balaz et al., 2013) . This results in a reduced effectiveness of the milling process in terms of achieving size reduction. This can also result in the assembly of agglomerates larger than the initial maximum feed size as observed in both SBM and PBM. The mechanism of size reduction in the SBM and PBM is however different; the SBM is mainly by impact whilst the PBM is mainly by both shear and impact. The shearing in the PBM continuously produces fines for all milling times, the agglomerates continue to grow as they are compacted onto the walls of the mill by the shearing and impact effect and this compaction onto the walls of the mill, results in strongly bonded agglomerates. This greatly reduces the effectiveness of the mill. The SBM, in turn, can initially produce fines when large agglomerates are broken at the initiation of milling as observed after 60 mins. This can result in larger agglomerates being formed by weak bonds between fines and larger broken particles, but prolonged size reduction by impact, results in breakage of these weakly bonded agglomerates and better size reduction than the PBM. Further milling was not carried out after 20 passes in the JM as the desired particle size of a d 90 less than 10 mm had been achieved. Conditions of PBM after 300 min, SBM after 1200 min and JM after 20 passes were used for further comparative analysis of the three mills.
Comparison of dry milling using different mills
3.2. Characterisation of particle morphology using SEM analysis Fig. 7 shows SEM images for samples before and after milling in the SBM for 1200 min, PBM for 300 min and JM for a total of 20 passes. As laser diffraction measures particle size at random orientation, SEM analysis was used to analyse the maximum projected area and shape of the particles. Fig. 7a shows spherical agglomerates with smooth surfaces for A-R particles. After milling, the agglomerate shapes appeared less spherical and more random in terms of their shapes. The agglomerate surfaces also appeared rougher as shown in Fig. 7b-d . An accumulation of very fine particles on the surfaces of the agglomerates in the PBM samples is shown in Fig. 7c . This can reduce the efficiency of milling as broken particle reassemble to form large particles and this is also observed in the laser diffraction results in Fig. 5 where an equilibrium state of milling is observed. Fig. 7d for JM samples, when compared to Fig. 7a -c at similar magnification, shows much finer material. A rough number-based quantitative analysis of SEM micrographs was carried out for analysis of average particle sizes and large particles and is shown in Table 5 .
This was carried out for verification of fines and larger particles observed in laser diffraction results. With an appreciation of the difference in the principles of the two sizing techniques, a similar trend to laser diffraction of size reduction of A-R-PBM-SBM-JM (from largest to smallest particles) was observed. The smallest particles were observed in the JM samples with majority of particles less than 3 mm as shown in Fig. 7d . SEM micrographs of PBM samples showed a wide variation in the particle sizes and this is due to the large amount of fines observed in the SEM images of the sample. Apart from fines, the PBM sample also had particles larger than those observed in the A-R sample (106 mm observed from laser diffraction). This was also correlated with the formation of agglomerates larger than the A-R sample during PBM milling observed in laser diffraction results.
Characterisation of surface area using BET
BET surface area measurements were carried out for A-R, SBM after 1200 min, JM after 20 passes and PBM after 300 min. According to Table 6 , samples from the JM and SBM show a small increase in surface area when compared with the A-R sample. However there is a significant decrease in specific surface area for the PBM sample from 136.6 m 2 /g observed in the A-R sample to 82.6 m 2 /g. Furthermore, the size reduction of γ-Al 2 O 3 can be seen to result in a reduction in pore size and pore volume for all mills. Further analysis on the PBM samples was carried out by BET surface area measurements for the A-R sample and PBM samples milled for 60, 180 and 300 min as shown in Fig. 8 The reduction in surface area in the PBM reflects a change in the structure of the sample during milling and will be further considered in the next section.
3.4. Characterisation of particle morphology by XRD analysis Fig. 9 shows the XRD patterns of the A-R γ-Al 2 O 3 sample and samples milled in dry state using SBM for 1200 min, PBM for 300 min and JM for 20 passes together with reference patterns for γ-Al 2 O 3 and α-Al 2 O 3 obtained from ICDD Database.
Corresponding crystal sizes of these samples estimated from XRD patterns are presented in Table 7 .
XRD analysis of all samples in Fig. 9 shows similar diffractograms in the A-R, JM and SBM samples. These samples match well with ICDD reference file 00-010-0425 for γ-Al 2 O 3 suggesting that the milling processes do not affect the crystal structure of the material. In contrast, the diffractogram of the PBM samples however show the majority of peaks matching to ICDD reference pattern 00-005-0712 for α-Al 2 O 3 and some small peaks indicating a small amount of remaining γ-Al 2 O 3 in the sample. This shows that dry planetary ball milling results in a change in the crystal structure of the material and induces a phase transformation from the γ-to the α-alumina phase correlating with the reduction in the surface area observed in the BET surface area measurements shown in Fig. 8 . Additional peaks not corresponding to α-or γ- Kostic et al. (2000) . Fig. 10 shows the XRD diffractograms for samples dry milled in the PBM for 30, 60, 180 and 300 min. As milling time increased, the intensity of the α-Al 2 O 3 peaks was observed to increase. This shows that the transformation from γ to α occurs progressively over time during milling 
Table 7
Crystallite sizes estimated from XRD patterns for as-received and after milling in PBM (300 min), SBM (1200 min) and JM (20 passes). rather than being an instantaneous change. The proportions of γ-Al 2 O 3 and α-Al 2 O 3 in the samples derived from XRD diffractograms are given in Table 8 . Interestingly, the δ and θ states of alumina were never observed at any milling time.
As the samples in Fig. 10 were milled without the addition of α-Al 2 O 3 before milling, the results differ from the observations of Bodaghi et al. (2008) , and show that with the appropriate milling conditions, α-Al 2 O 3 can be produced mechanochemically without any seeding (Kostic et al., 2000) . ZrO 2 contamination was also observed to increase as milling progressed as the intensity of the ZrO 2 peak increased with prolonged milling times.
3.5. Characterisation of particle morphology by TEM analysis Fig. 11 shows TEM bright field images of: (a) the as-received γ-Al 2 O 3 and in (b), (c) and (d) the samples after dry milling in the JM for a total of 20 passes, SBM for 300 mins and PBM for 1200 min, respectively. In all cases it is clear that these secondary particles are composed of agglomerates of nanometre-sized single crystal primary particles. A rough quantitative analysis of the average particle sizes and shapes was carried out and is shown in Table 9 . The crystallite morphologies observed in the A-R sample appear plate-like with facetted edges; note elongated needle shapes are also observed depending on the orientation of the plate-like crystallites on the TEM support film. The JM sample was similar in size and morphology to the A-R sample as shown in Table 9 . The SBM sample (Fig. 11c) however shows a mixture of plate-like facetted crystallites and less elongated, more rounded crystallites. The sizes of the plate-like crystallites in the SBM sample have an average size of 17.2 nm whilst the more rounded crystallites had an average size of 22.2 nm. The aspect ratio of the SBM samples (Table 9 ) is smaller than that observed in the A-R and JM samples. This suggests fracturing of elongated plates during SBM, which results in more equiaxed particles. Overall the primary Table 8 Percentage of γ-Al 2 O 3 and α-Al 2 O 3 phases in PBM milled samples at 60, 180 and 300 min based on area under matched peaks by the use of Xpert Highscore software (Panalytical, 2014) .
Sample
Phase composition Fig. 11c . However, the PBM samples, which from XRD had transformed to α-Al 2 O 3 , showed more octahedral-shaped crystallites with an average size of 22.0 nm and a coefficient of variation of 0.24 as shown in Fig. 11d (ii) and Table 9 .
4. Discussion of particle size and particle morphology results
Further analysis was carried out by a comparison of particle or crystallite sizes for A-R, JM (20 passes), PBM (300 min) and SBM (1200 min), derived from BET, TEM and XRD as shown in Table 10 .
In general, for all samples there is reasonable agreement, qualitatively, between the sizes derived using the 3 techniques as the principles of measurement of the methods are different. The primary particles are single crystal in nature, as suggested in TEM bright field images. It is important to note that the γ-Al 2 O 3 crystallite sizes (Table 10 ) estimated from XRD using the Scherrer's equation are smaller than those observed by TEM owing to presence of a core-shell structure within γ-Al 2 O 3 primary particles with a surface disordered shell surrounding a more ordered crystalline core as observed by Rozita et al. (2013) . Crystallite sizes for the JM samples were marginally smaller than the A-R sample suggesting grain size refinement. From XRD and TEM crystallite size averages, SBM samples showed larger crystallites. The PBM samples showed the largest crystallite sizes averaging ca. 25 nm and these match primary crystal sizes for Boehmite-derived α-Al 2 O 3 (Kim et al., 2007) ; here we also note that the TEM and XRD crystallite size data are closer in value, presumably due to the phase transformation to the α-Al 2 O 3 crystal structure, which does not exhibit a disordered structure at the surface of the particles.
The formation of larger α-Al 2 O 3 crystallites by a crystallographic rearrangement of the oxygen anion lattice from a cubic close packed to a hexagonal close packed structure that is stoichiometrically balanced with less vacancies results in a reduction in specific surface area (Table 6 ). The dehydration of Boehmite to form γ-Al 2 O 3 is a topotactic transformation resulting in a similar crystal arrangement (Fig. 12) .Further dehydration results in less well-defined transition states (δ and θ phases), and α-Al 2 O 3 is the final stable phase. However, mechanochemistry processes during milling appear to result in a transformation from γ-Al 2 O 3 to α-Al 2 O 3 without any observation of the intermediate δ and θ transition states (Fig. 10 ). This transformation with an absence of δ and θ transitional Al 2 O 3 phases was also observed by Tonejc et al. (1994) who observed χ and κ transitional states instead.
During all experiments, the temperature was measured using a laboratory thermometer. The highest recorded temperature during milling in the PBM was 80 1C suggesting that temperature rise alone cannot account for the phase transformation as temperatures of 1100 1C to 1200 1C are required to achieve phase transformation from γ-Al 2 O 3 to α-Al 2 O 3 . Milling in the JM did not result in any significant temperature increase and the highest recorded temperature in the SBM was 30 1C. Local transient temperature peaks would be of more interest. Bulk temperature measurements are meaningless, and at best indicate only the rate of energy dissipation as heat. In order to get peak temperature distribution, modelling work is required as currently no in situ measurement device (to our current knowledge) has such resolution.
The results suggest that a different mechanism to that of dehydration occurs during milling. It is observed that size reduction by impact in the SBM and JM does not initiate phase change. However, the effect of shearing that is present in the PBM may be the main initiator of phase change by a shear-induced nucleation approach documented by Bagwell et al. (2001) . In a shear mechanism, atoms in the region of transformation shift a short distance into a new crystal arrangement (Bagwell et al., 2001) . In this case, γ-Al 2 O 3 exists as a cubic close-packed defective oxygen spinel structure with aluminium cations in interstitial positions in either octahedral or tetrahedral sites (or both) and vacancies. The defective structure of γ-Al 2 O 3 coupled with tri-axial stresses from the PBM can result in the movement of oxygen atoms by slip on close packed planes from the cubic close packed to the hexagonal close packed structure (Bagwell et al., 2001) . It can therefore be suggested that the mode of mechanical energy supplied; impact, shear, attrition, as well as the amount of localised energy successfully transferred from the mill to the powder during milling determines whether mechanochemistry will occur. From the pore volume and pore size results in Table 6 , the PBM and JM samples show a more significant reduction in pore size and pore volume than the A-R and SBM samples. The surface area of the JM sample however remains high as compared to that of PBM. This suggests that the localised or contact energy supplied by both the PBM and JM may be higher than that supplied by the SBM which results in increased microstructural changes. The difference in stress mode, i.e. impact for JM and shear for PBM, may however, result in a different outcome, which in this case, is shear-induced phase transformation in the PBM and minimal grain size refinement in the JM. The impact energy in the JM (a high impact energy mill) has no effect on initiating phase change in γ-Al 2 O 3 . It is more favourable as it promotes grain size refinement and an increase in surface area. A presence of limited shear stresses in the SBM (vibration milling) results in a small increase in crystallite size without transformation. The growth of crystals to a critical size is required for shear-induced phase transformation as stated by Bagwell et al. (2001) and observed by Dynys and Halloran (1979) . Therefore, growth of crystals in SBM is due to the shear stress supply by the mill which only affects crystal morphology but is not enough to overcome the energy barrier for phase transformation. The PBM however supplies the adequate amount of shear stress which favours shear nucleation of α-Al 2 O 3 from γ-Al 2 O 3 .
Conclusions
Jet milling is a more suitable size reduction method for dry milling of γ-Al 2 O 3 powders when compared with planetary ball milling and single ball milling, as it effectively reduces size with minimal effect on the morphology of the material. Dry planetary ball milling results in a phase change from γ to α-Al 2 O 3 as observed by XRD patterns and octahedral crystal shapes in TEM. A significant loss of surface area from 136.6 m 2 /g to 82.6 m 2 /g is Table 10 Primary particle sizes as observed using TEM and estimated from XRD and BET. 
